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FOREWORD 

The FS-2 model tes t s  were conducted under NASA 
Apollo Contract NAS9-150 from 6 August 1962 to  
13 August 1962. 

This report was prepared by H. C. Smith of the 
Wind Tunnel Projects  Group, Los Angeles Division. 
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ABSTRACT 

Aerodynamic force tes ts  of the 0. 105-scale Apollo 
FS-2 model were conducted in the North American 
Aviation Trisonic Wind Tunnel at  Mach numbers 0. 2, 
0 .4 ,  0 .7 ,  0 .9 ,  1 . 2 ,  and3.49. 

Force coefficients a r e  given for a l l  valid runs. 
Basic wind tunnel tes t  data only a r e  presented to  make 
the tes t  results available at  the ear l ies t  possible date. 
Analysis and summary of results wil l  be reported in 
a separate document. 
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1. INTRODUCTION 

Wind tunnel tes ts  of the 0. 105-scale Apollo FS-2 force model were 
conducted in the North American Aviation 7- by 7-foot Trisonic Wind 
Tunnel tQ investigate the static stability characterist ics of the command 
module at nominal Mach numbers of 0 .4 ,  0 . 7 ,  0. 9, 1. 2, and 3. 5 and to 
investigate the Reynolds number effect at Mach number 0. 2. 

The command module was tested at  various angle-of-attack ranges 
between 25 and 177 degrees. 

The force tes ts  of the 0. 105-scale Apollo model were run to complement 
data obtained in other wind tunnels on the command module alone; therefore,  
the results do not include a complete angle-of-attack range from 0 t9 180 
degrees, Dashed curves connecting the high and low angle-of-attack data 
were obtained from a correlation of data from other tests,  
angle-of-attack range was run at Mach number 0. 2 to study the Reynolds 
number effect on flow attachment and to verify results obtained at an 
equivalent Mach number during other tests.  
slopes of the curves,  particularly at the low Mach numbers, between 50 and 
90 degrees angle of attack is attributed to this flow attachment on the blunt 
face of the command module. 

A more complete 

The abrupt changes in the 

The use of the word "hysteresis" in the title on some of the data plots 
is used to indicate the region where the force coefficients at a given angle 
of attack a r e  dependent on whether the angle was approached f rom a lower 
or a higher angle of attack. 
than approximately & l o  degrees account for the difference in the data between 
runs where the angle between the sting and model was changed to give a 
different angle-of-attack range of the model. 

Sting effects a t  tunnel sector angles greater 

Appendix A Qf this report contains the tabulated data and Appendix B 
contains the plotted data, 
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11. MODEL DESCRIPTION 

The FS-2 is a 0. 105-scale model of the Apollo command module. 
Three basic models, identical except for the angle between the model axis 
of symmetry and the center line of the balance, were used to  cover the 
required angle-of-attack range. 
10 balance holes ranging in offset angles f rom 0 to  180 degrees in 20-degree 
increments. 
range f rom 0 to 180 degrees with a sting angle range as low as A10 degrees. 

The three models contain a total of 

This arrangement permits  testing through an angle-of-attack 

The structural  integrity of the model is analyzed in SID 62-104', and 
the model design details a r e  presented in Drawings 7 121- 0 10772 and 
7 12 1- 0 1078 '. 
INSTRUMENTATION 

Six-component force data were measured using the revised 2-3/4 
inch Task Mark I-A internal balance. 
measured using the pressure  orifice existing in  the balance, 

Balance chamber pressure  was 

MODEL NOMENCLATURE 

The symbol C2 is used to designate the command module configuration 
shown in  drawing No. 7121-01077 (-3, -4, -5) and in Figure 1. 

FULL-SCALE DIMENSIONS OF THE C2 

Maximum diameter, in. 
Radius of spherical blunt end, in. 
Corner radius, in. 
Nose cone semiangle, deg. 
Nose cone vertex radius, in. 

154. 00 
184.80 

7. 70 
33.00 

9. 15 

lStructura1 Analysis of the 0. 105-Scale Apollo Wind Tunnel Model. 

2Assembly and Details-Command Module FS-2 Apollo Force  Model. 

3Details -Balance Blocks and Miscellaneous -0. 105-Scale FS-2 Apollo. 

SID 62-104. 

NAA/S&ID Model Design Drawing No. 7121-01077. 

NAA/S&ID Model Design Drawing. 

* 
h 
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111. TEST PROCEDURE 

TEST NOMENCLATURE 

Mo 

a 

Y 

q 

A 

D 

e 

RN 

Ho 

Po 

Pb 

- 
X 

- 
Z 

Free-s t ream Mach number 

Angle of attack of model axis of symmetry (zero for apex forward), 
degrees 

Angle of yaw of model axis of symmetry, degrees 

Free-s t ream dynamic pressure,  lb/ft2 

Model reference a rea  (maximum cross-sectional area) ,  f t 2  

Model reference diameter (maximum diameter of command module), 
inches 

Offset angle between balance axis and model axis of symmetry, 
degrees 

Model roll angle relative to the tunnel center line ( 9 B  = 0 degrees 
for these tests), degrees 

Reynolds number x l o m 6  based on reference diameter 

Free-s t ream total pressure,  lb/ft2 

Free-s t ream static pressure,  lb/ft2 

Balance chamber pressure,  lb/f t2  

Distance along model center line from command module cone apex 
to center of gravity, negative when center of gravity is  aft of apex, 
inches 

Perpendicular distance from model center line to center of gravity, 
positive when center of gravity is  below 5 

- 5 -  
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Stability System of Axes With Origin at Center of Gravity 

CD Drag coefficient, drag/qA 

CL Lift coefficient, lift/qA 

Cmcg Pitching moment coefficient, pitching moment/qAD 

CY Side force coefficient, side force/qA 

Cn Yawing moment coefficient, yawing moment/qAD 

Rolling moment coefficient, rolling moment/ qAD 

L/D Lift-to-drag ratio, CL/CD 

Body System of Axes With Origin at Center of Gravity 

c! 

CN Normal force coefficient, normal force/qA 

CA Axial force coefficient, axial force/qA 

CnB Yawing moment coeffiqient, yawing moment/qAD 

C! Rolling moment coefficient, rolling moment/qAD 

Body System of Axes With Origin at Command Module Projected Cone Apex 

C,A Pitching moment coefficient, pitching moment/qAD 

Xcp/D Center of pressure location in  the normal force direction measured 
from cone apex, CmA/GN, negative when aft of apex 

MODEL INSTALLATION 

The FS-2 model was installed on the 7121-01082 sting and the H-998 
fixed sting support on the H-822-3 sector head. 
such that the center of rotation was at tunnel station 3563 when testing 
supersonically. Upon completion of the supersonic portion of the test, the 
sector was repositioned for transonic and subsonic testing with the center of 
rotation at tunnel station 3735 (Figures 2 through 6). 

The sector was located 

The basic angle range of the sting support system was -15 to t 1 7  
degrees for this test. 

- 6 -  
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INSTRUMENTATION 

The output of each element of the balance was recorded on the TWT 
data system. 
data master tape on the TWT ALWAC 111-E digital computer. 

ALWAC program A033 was used to reduce the data from the 

Balance chamber pressure  was measured with a Statham differential 
pressure transducer, type PM *5-700 (5 psid), referenced to the preselected 
pressure of the R1 reference system. 
chamber pressure were applied to the data. 

No corrections based on balance 

Black and white schlieren photographs were taken during the supersonic 
portions of this tes t  and a r e  presented in Figures 7 through 10. 

DATA REDUCTION 

Force and moment coefficients were computed based on the following 
g e om e tri c constants 

A = 1.4261 f t2  (max. cross-sectional a rea)  
D = 16. 170 in. (max. diameter) 

The reference center-of-gravity location was h / D  = -0.686 and 
Y/D = 0.059. 

a 
- 7 -  
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ALWAC program A033 was used to reduce the data from the data 
master  tape on the TWT ALWAC III-E digital computer. 

All angle-of-attack data were corrected for sting and balance deflec- 
tions. Although balance chamber pressure  was measured, no corrections 
for base drag were made to the data. 

DATAACCURACY 

The balance and recording instrumentation were s e t  to  provide maxi- 
mum possible sensitivity within the capabilities of the amplifying instrumen- 
tation and within the limits established by keeping maximum loads less than 
full scale on the recorders.  

At Mach numbers 0.2 and 0.4, the coefficient accuracy suffers because 
the free-stream dynamic pressure  (go) is too low relative to the capacity and 
accuracy of the balance. In addition, the instrumentation for recording 
tunnel pressures  used in computing go is not sufficiently accurate o r  sensitive 
enough at these low values of go. The probable coefficient e r r o r s  for  all test 
conditions are presented in  the following listing. 

0. 2 
0.2 
0.2 
0.4 
0.7 
0. 9 
1. 2 
3.493 

2.2 
2.8 
6.4 
6. 6 
8. 1 
9.0 
9. 6 

16. 2 

0.047 
0.031 
0.014 
0 .  007 
0.005 
0.003 
0.003 
0.003 

*ACA 

0.039 
0.033 
0.016 
0.008 
0.004 
0.003 
0.002 
0.003 

*AcMcg 

0.0118 
0.0106 
0.0036 
0.0018 
0,0009 
0.0007 
0.0005 
0.0006 

0.025 
0.023 
0.010 
0.005 
0.004 
0.002 
0.002 
0.002 

0.011 
0.097 
0.013 
0.007 
0.003 
0.002 
0.002 
0.002 

*ACD 

0.046 
0.043 
0.020 
‘0.010 
0.005 
0.004 
0.004 
0.005 

3. 
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Figure 3 .  Model Installed at 8 = 40 Degrees 

Figure 4. Model Installed at 8 = 80 Degrees 
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Figure 5. Model Installed at 8 = 120 Degrees 

Figure 6. Model Installed at 8 = 160 Degrees 
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Figure 7. Typical Schlieren at M = 3.49, GI = 65 Degrees 

Figure 8. Typical Schlieren at M = 3.49, GI = 76 Degrees 
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Figure 9.  Typical Schlieren at M = 3.49, U = 88 Degrees 

Figure 10. Typical Schlieren at M = 3.49, (x = 144 Degrees 
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Figure 3 .  Model Installed at 8 = 40 Degrees 

Figure 4. Model Installed at 8 = 80 Degrees 
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Figure 5. Model Installed a t  8 = 120 Degrees 

Figure 6. Model Installed at 8 = 160 Degrees 
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Figure 7. Typical Schlieren at M = 3.49, GI = 65 Degrees 

Figure 8. Typical Schlieren at M = 3.49, GI = 76 Degrees 
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Figure 9.  Typical Schlieren at M = 3.49, U = 88 Degrees 

Figure 10. Typical Schlieren at M = 3.49, (x = 144 Degrees 
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TABULATEDDATA 

A -  1 
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DATA FORMAT 

The key to reading the tabulated data is as follows: 

1. The first two lines at the top of each page contain the following 
identification. 

TWT 79 = Trisonic Wind Tunnel Test No. 79 

Blow xx = The blow number 

Config. C2 = Configuration tested 

Theta = Model offset angle 

2. F i r s t  Page - Tunnel conditions 

BN = Block number, identifies block of data computed. 

Alpha = Angle of attack, deg. 

= Angle of yaw, deg. 

= Test section Mach number 

V 
Yaw 

Mach 

RN = Reynolds number x l o m 6  (based on command 
module diameter, 16. 170 inches) 

HO = Test section total pressure,  psfa 

P O  = Test section static pressure,  psfa 

Q = Test section dynamic pressure,  psf 

TTO = Test section total temperature, OR 

Dec = Number of decimal places to the left of the 
last digit. 

A -  3 
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3. Second Page - Body axis data and balance chamber pressure 

BN = Block number, identifies block of data computed 

Alpha = Angle of attack, deg. 

Yaw = Angle of yaw, deg. 

CA = Axial force coefficient 

CN = Normal force coefficient 

CNB = Yawing moment coefficient about center of 
gravity, body axis 

CLB = Rolling moment coefficient, body axis 

XCPN = Location of the normal force center of pressure 
divided by the command module diameter 

XCPY = No data 

PBC = Balance chamber pressure coefficient, 
Pb - PO 

q 

CMA = Pitching moment coefficient about the command 
module apex 

Dec = Number of decimal places to the left of the last 
digit 

4. Third Page - Stability axis data and Lift to Drag ratio 

BN = Block number, identifies block of data computed 

Alpha = Angle of attack, deg. 

Yaw = h g l e  of yaw, deg. 

CD = Drag coefficient 

CL = Lift coefficient 

CMS = Pitching moment coefficient about the center of 
gravity, stability axis 

F 

A-4 
$ 
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C Y  = Side force coefficient 

CNS = Yawing moment coefficient about the center of 
gravity, stability axis 

CLS = Rolling moment coefficient, stability axis 

LID = Lift to drag ratio 

Dec = Number of decimal places to the left of the last  
digit 

A-5 
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Hysteresis Effect due to  Pitch Direction 
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Mach = 0 . 4  

Mach = 0.2 

Effect of Reynolds Number 
Mach = 0.2 

Effect of Pitch Rate 
Mach = 0.2 
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